The effects of inelastic deformation, in the form of plastic and creep pre-strain, on the fracture toughness behaviour of Type 316H stainless steel have been investigated in this study. Material pre-conditioning effects on the strain distribution fields ahead of the crack tip have been investigated using digital image correlation. Fracture toughness tests have been performed on compact tension specimens made of the as-received, plastic pre-strained and creep pre-strained materials. The influences of specimen side grooves and pre-cracking type on the fracture toughness behaviour of 316H stainless steel have also been examined. The test results have shown that the fracture toughness values decrease by increasing the percentage of inelastic strain introduced into the material. Moreover, the generated R-curves and the subsequent fracture toughness values have been found sensitive to the specimen side groove. Finally, it has been observed that local creep damage has more severe impact on the fracture toughness of the material compared to global creep deformation. 
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Introduction
Material pre-conditioning can be introduced into engineering components in the form of plastic pre-strain during the fabrication process or in the form of creep pre-strain during operation at elevated temperatures. Type 316H stainless steel (SS) is widely used in the UK's power industry, for example steam headers in advanced gas cooled rectors (AGRs). Many of these components were previously operating for a few decades at high temperatures (i.e. at around 550 ˚C) in which creep deformation and crack growth is the dominant failure mechanism. However, in order to extend the lifetime of these high temperature components their operating temperatures were reduced to limit the accumulation of in-service creep deformation and damage. In order to assess the structural integrity of these AGR power plant components it is important to consider the influence of prior inelastic (i.e. plastic and creep) pre-straining on the subsequent mechanical response, fracture and crack growth behaviour of the material. The influence of plastic pre-straining, introduced in the form of uniform precompression to 8% plastic strain at room temperature, on the tensile, fracture toughness and creep deformation and crack growth behaviour of Type 316H SS has been extensively 3 examined in previous work by authors [1] [2] [3] . The experimental results in [1] [2] [3] [4] [5] have shown that plastic pre-straining leads to an increase in the yield stress, reduction in tensile strain at failure and also a decrease in fracture toughness of 316 steel. Literature studies on other engineering materials have shown that similar changes in mechanical response and fracture behaviour of material are generally observed when test specimens were subjected to tensile or compressive plastic pre-staining e.g. see [6] [7] [8] [9] [10] [11] . The results obtained from these studies have shown that the fracture toughness value decreases as the percentage of tensile or compressive plastic pre-stain increases in the material e.g. [12] . The influence of creep pre-straining, introduced into round bar 316H SS specimens by interrupting uniaxial creep tests at 550 °C, on subsequent room temperature tensile behaviour of the material has been investigated in [13] . The experimental results obtained from crept specimens in [13] [14] [15] have shown that creep deformation (i.e. development of uniform creep pre-strain in uniaxial creep deformation tests) increases the yield stress and reduces the tensile strain at failure of 316 material.
The experimental results available in the literature suggest that plastic and creep prestraining have similar effects on the tensile and fracture behaviour of a given metallic material. The previous work by authors on plastically pre-compressed 316H SS has confirmed that the fracture toughness of this material decreases by introducing uniform plastic pre-strain [3] . Although the global response of the as-received (AR) and precompressed (PC) material states was studied under fracture loading conditions in [3] , further research is required to better understand the local response of the AR and PC material states. Therefore in the present study the authors have investigated the material plastic pre-straining effects on the strain distribution fields ahead of the notch tip using digital image correction (DIC) measurement technique to better understand the global fracture behaviour of the material in relation to local deformation. Moreover, although the influence of local creep damage (LCD) on fracture toughness of Type 316H SS was previously studies in [3] by performing tests on interrupted creep crack growth (CCG) specimens, further experimental work has been conducted in the present study to investigate the uniformly introduced global creep deformation (GCD) effects on the fracture toughness behaviour of Type 316H SS. The results presented in this paper fill the knowledge gap and provide a better understanding of how inelastic deformation, in the form of uniform plastic and creep pre-strain, influence the fracture toughness behaviour of the material.
Material Pre-Straining and Specimen Preparation
The specimens tested in this work were extracted from a service exposed steam header made of 316H SS which was provided by EDF Energy. Four blocks of material were extracted from the ex-service steam header, two of which were uniformly pre-compressed to 8% plastic strain at room temperature following the procedure detailed in [1] [2] [3] . Four standard compact tension, C(T), specimens of width W = 50 mm were machined from these blocks to prepare two AR specimens (i.e. from the uncompressed blocks) and two PC specimens (i.e. from the uniformly pre-compressed blocks). To investigate the crack tip sharpness effects on the local strain distribution fields during fracture toughness tests, for both material states considered in this study the starter crack in one specimen was introduced using an electrical discharge machining (EDM) notch of root radius 0.125 mm (denoted JIC-AR-EDM and JIC-PC-EDM) whereas the second specimen was pre-fatigue cracked (denoted JIC-AR-PF and JIC-PC-PF) to introduce a sufficiently sharp crack tip into the sample. All of these four specimens were manufactured plain sided (i.e. with no side grooves) to facilitate DIC measurements on the outer surface of the test specimens.
In order to introduce global creep deformation into the material, a larger block was extracted from the steam header, squared off and uniformly pre-compressed to 8% plastic strain at room temperature. Due to the limited material available, the large PC block was welded to 316 extension plates to provide enough room for gripping purposes and pulling the sample in tension at high temperature to subsequently introduce creep strain into the material (see Figure 1) . This was done in such a way that the PC material was located at the midlength of the large uniaxial specimen. In order to maximise the stress in the gauge region, where the PC material was located, the extension pieces were designed to have a larger cross sectional area, thus lower stress level for a given applied load (see Figure 1) . As seen in Figure 1 the cross sectional area of the gauge region, made of PC material, was 26×63 mm 2 . These dimensions were chosen to allow standard C(T) specimen of width W = 50 mm to be extracted subsequent to uniaxial creep testing by accounting for possible necking effects during the specimen load up and creep deformation.
Once the large uniaxial specimen was prepared, it was pulled in tension at 550 ˚C to introduce creep strain into the gauge region. To monitor the creep strain during the test, two capacitance gauges were attached to the sample at the mid-height (capacitance gauge 1) and lower part (capacitance gauge 2) of the gauge region as shown in Figure 1 and Figure 2 . Furthermore, a large 3-zone furnace was used to increase and maintain the specimen temperature at 550 ˚C and the temperature variation across the specimen was monitored using 18 thermocouples (TC) spot welded to different parts of the sample, inside and outside the gauge region, on all four faces. The location of thermocouples attached to two faces of the GCD specimen has been schematically shown in Figure 1 . The large sample was set up on an Instron machine with the maximum load carrying capacity of 2,500 kN (see Figure 3 ) and the uniaxial creep test was carried out under 300 MPa applied stress at 550 °C. Note that although the temperature was stabilised at 550 °C in the mid-height of the gauge region, some variations of around ± 5 °C (less than 1% of the test temperature) were recorded from thermocouples attached to different parts of the sample. Uniaxial creep test was conducted on the large specimen and eventually interrupted when the instantaneous creep strain rate of around double the minimum creep strain rate was observed in the tertiary creep region. The average creep strain, ε c , variation against time is presented in Figure 4 . As seen in this figure a uniform creep strain of around 5% was introduced into the material located at the gauge region. Due to limited material available in the gauge region only a single standard size C(T) specimen of W = 50 mm was extracted from the mid-section of the crept material subsequent to test interruption. The C(T) specimen extracted from the globally creep deformed material, denoted JIC-GCD-SG, was side grooved by 10% of the total thickness at each side and precracked using an EDM notch of root radius 0.125 mm. Note that the GCD material state in this study is referred to prior plastic pre-straining followed by creep pre-straining, hence inelastic pre-straining which was introduced into the material from which JIC-GCD-SG specimen is extracted.
The mechanical properties of the AR, PC and GCD materials have been previously characterised and reported in [2, 13] . A summary of the tensile properties of these materials at room temperature has been shown in Table 1 . As seen in this table, although the elastic Young's modulus, E, value for the PC material is 6% higher than the AR material and the GCD material E is 9% lower than the PC material, within the inherent experimental scatter similar E values have been found for the AR, PC and GCD material states. Also seen in Table  1 is that the ultimate tensile strength (UTS) values in the AR and PC materials are almost the same, however the UTS in GCD material is around 10% lower than the AR and PC material states. As explained in [2] and shown in Table 1 , although the yield stress (taken as 0.2% proof stress, σ 0.2 ) of the PC material has been found to fall slightly below that of measured in the AR material, hardening effects start to appear in the PC material at plastic strain levels of greater than 0.2%. Finally seen in Table 1 is that the highest and the lowest 0.5% proof stress, σ 0. 5 , values have been found in the GCD and AR material states with the PC value falling in between.
All specimens made of inelastic (plastic and creep) pre-strained material tested in this work had the loading axis parallel to the compressive/tensile pre-straining direction. The specimen dimensions for all C(T) samples are summarised in Table 2 . As seen in this table all samples had the total thickness of B = 25 mm and the initial normalised crack length, a 0 /W, of around 0.5 which is within the valid range specified in standard fracture toughness test methods. Also included in this table are the initial and final crack lengths, and total crack extension estimates made using the unloading compliance data at the end of the tests on C(T) specimens. All samples were tested under fracture toughness loading conditions (i.e. sequences of loading and unloading) at room temperature.
Fracture Toughness Testing and Analysis
The standard test methods which are commonly used to perform and analyse fracture toughness tests on metallic materials are ASTM E1820 [16] and ESIS P2-92 [17] . The standard test method that has been followed in this work to conduct fracture toughness experiments and analyse the obtained test results is ESIS P2-92 [17] . Having known that 316H SS is a ductile material, a summary of fracture toughness testing and analysis procedure to quantify J IC fracture parameter for ductile materials with stable crack extension is described below.
Generation of the R-Curve
In a fracture toughness test, the variation of J fracture mechanics parameter can be correlated with the crack extension Δa. The "J vs. Δa" correlation is often referred to as the R-curve (i.e. resistance curve). In order to estimate the crack extension in a fracture mechanics test performed using the single specimen approach, where the specimen is frequently loaded and unloaded until crack extension occurs, the instantaneous normalised crack length, a/W, can be approximated using the unloading compliance data by 
In Eqn (2) E M is the effective Young's modulus which can be calculated using the equation given in [17] , C is the elastic unloading compliance and B e is the effective thickness which can be calculated using 
where W is the specimen's width, a 0 is the initial crack length , U k is the area under the "force vs. displacement" curve up to the line of constant displacement at the kth interval and η is a geometry dependent parameter solutions of which can be found in [18] .
Quantification of Fracture Toughness
In order to identify the valid data points for a fracture toughness data analysis, exclusion lines must be plotted by calculating the slope of the blunting line using the equations given in the ESIS P2-92 standard [17] 
Digital Image Correlation Measurements
An experimental technique which has been widely used by other researchers to measure macro and micro scale true strain distribution fields in fracture specimens is the DIC measurement (e.g. [19] [20] [21] ). For example, combined experimental-numerical methods have been proposed in [20] and [21] to use the DIC measurements and finite element modelling to quantify stress intensity factor and J-integral in fatigue crack growth and fracture toughness tests, respectively. Furthermore, DIC measurements have been used in [22] and [23] to measure micro scale surface damage in low cycle and high cycle fatigue tests on a stainless steel material, respectively. A combined DIC and optical microscopy technique has been employed in [24] to determine surface deformation at high magnifications and study the local properties of engineering materials. A similar technique has been employed in [25, 26] to perform DIC measurements in conjunction with scanning electron microscopy (SEM) to capture in-plane strain variation on a surface of a metallic material. In addition, high precision DIC measurements have enabled researchers to quantify mechanical properties of small heat affected zone (HAZ) regions in welded joints (e.g. see [27] ). The results from the DIC measurements available in the literature show that digital image correlation technique provides accurate macro and micro strain maps on the outer surface of cracked and uncracked geometries. Hence, in this study a high resolution 3D DIC system was employed to measure the strain fields around the crack tip in fracture toughness tests on plain sided C(T) specimens made of the AR and PC materials. The DIC gauge measures displacement by comparing the specimen surface pattern as the specimen is loaded and deforms. This allows the gauge software to derive the change in displacement between two targets, which the software tracks on the specimen surface. In order to provide a suitable pattern on the plain sided fracture toughness specimens for the video gauge to track, the outer surface of specimens was lightly spray painted with a black and white speckle pattern. DIC images were captured during the tests and analysed post-testing to measure the strain distribution around the crack tip at different stages of the fracture toughness tests.
Fracture Toughness Test Results
Load vs. Load Line Displacement Data from Fracture Toughness Tests
Fracture toughness tests were carried out on four plain sided C(T) specimens (JIC-AR-EDM, JIC-AR-PF, JIC-PC-EDM and JIC-PC-PF) by performing sequences of loading and unloading on each specimen. These tests were conducted under machine displacement controlled mode with the loading/unloading rate of 0.02 mm/sec, 60 sec hold time at the peak loads, machine displacement increment of 0.2 mm for load/unload and unloading percentage of 20% from each peak load. DIC images were captured during the hold time at each peak load and were analysed subsequent to test completion. The load and load line displacement (LLD), measured using a clip gauge accommodated on the knife edges machined at the crack mouth of the specimens, were continuously measured during the tests and are presented in Figure 5 . Also included in Figure 5 are the "load vs. LLD" data from the test on the side grooved globally creep deformed GCD specimen (JIC-GCD-SG). In Figure 5 and following figures the data points/trends for the AR, PC and GCD material states are shown in red, blue and green symbols/lines, respectively. Some small discrepancy can be observed in the "load vs. LLD" trends obtained from the EDM and pre-fatigue cracked plain sided specimens in both AR and PC materials. Comparing the data trends in Figure 5 it can be seen that in the case of PC plain sided specimens a larger load was required for EDM pre-cracked specimen compared to the prefatigue cracked sample, to reach a given value of LLD. However, for the AR material the load required to obtain a given value of LLD was slightly higher in the pre-fatigue cracked specimen compared to the EDM pre-notched sample. It can be seen in Figure 5 that although the tests on the AR specimens didn't reach the maximum load P max value, the decreasing load over LLD rates in these samples indicate that the P max value in plain sided AR specimens is significantly lower than those of obtained from the PC specimens as a result of material hardening effects. This observation on plain sided C(T) specimens is consistent which that of reported in [3] for the side grooved AR and PC C(T) specimens.
Fracture Toughness Results from Plain Sided AR and PC Specimens
DIC images were captured during the hold time at each peak load to measure the strain distribution ahead of the crack tip at different stages of the fracture toughness tests. The strain distribution maps measured using the DIC technique at the outer surface of the plain sided JIC-AR-EDM, JIC-AR-PF, JIC-PC-EDM and JIC-PC-PF specimens are presented in Figure  6 , Figure 7 , Figure 8 and Figure 9 , respectively. Also included in these figures are the "load vs. LLD" data and the R-curve fracture toughness data analysis for each of the test specimens examined. As seen in these figures, all peak loads have been numbered and the corresponding strain distribution maps are presented in Figure 6-Figure 9 . For comparison purposes, the same strain scales of minimum 0% (blue contours) and maximum 5% (red contours) have been used to present the DIC strain measurement results obtained from different specimens. Note that the red contour in DIC images is associated with strain values of 5% or higher. As seen in these figures, the DIC measurements have shown that for each of the specimens examined, the size of the strain field ahead of the notch tip has continuously increased by increasing the LLD, as expected, and the strain maps are symmetric with respect to the specimen symmetry line. It can be seen in Figure 6 - Figure 9 that for a given value of applied load, the true strain fields ahead of the crack tip in the PC material are much smaller than those observed in the AR material. Also seen in Figure 6-Figure 9 is that for a given value of LLD, the crack tip strain fields in the AR material are larger than the PC material up to the point that the load reaches the maximum value, P max . Once the maximum load is attained in the fracture toughness tests on the PC material, the strain fields ahead of the crack tip get larger in the PC material compared to the AR. Interestingly, the change in the plastic zone sizes ahead of the crack tip which occurs at P max coincides with the point at which 0.2mm crack extension (J 0.2/BL ) is observed in the R-curves for the PC specimens. Finally seen in these figures is that for a given value of LLD, greater strain values are observed at the back of the C(T) specimens made of the AR material compared to the PC material, indicating larger bending and more severe crack tip blunting in the AR specimens.
The R-curves for JIC-AR-EDM and JIC-AR-PF specimens presented in Figure 6 and Figure 7 show that "J vs. Δa" data points obtained from the plain sided AR specimens fall upon or close to the blunting line with no evidence of deviation from linearity, whereas "J vs. Δa" data for PC specimens in Figure 8 and Figure 9 exhibit non-linear trends from the beginning of the tests. This implies that the fracture behaviour of the plain sided AR specimens was mainly controlled by crack blunting (i.e. plastic deformation) with no evidence of significant crack extension (i.e. see small values of crack extension estimates for AR specimens in Table 2 ). This observation is consistent with relatively larger strain fields measured at the back of the AR specimens, compared to the PC material, presented in Figure  6 - Figure 9 . The plain sided PC specimens seem to have experienced minor blunting at the crack tip and relatively continuous crack extension from the early stages of the tests. This can be due to the formation of voids/damage in the material during the plastic pre-compression process and also lower tensile strain at failure in the pre-strained material as previously reported and discussed in [28] . The fracture toughness test results obtained from the plain sided AR and PC C(T) specimens are summarised in Table 3 . As seen in this table due to the limited amount of crack extension in plain sided AR specimens, the fracture toughness values could not be determined for these two tests on JIC-AR-EDM and JIC-AR-PF samples. It can be seen in Table 3 that the fracture toughness J 0.2/BL value in the pre-fatigue cracked PC specimen is around 32% lower than that of obtained from the EDM pre-cracked PC sample.
Comparing the DIC measurements in Figure 6 and Figure 7 it can be seen that for a given peak load number, hence for a given value of LLD, the local strains at the crack tip in the AR material are relatively larger in the pre-fatigue cracked specimen compared to the specimen with an EDM starter crack. Moreover, the size of the red contours associated with the strain values of 5% or higher is greater in the pre-fatigue cracked AR specimen compared to the one with an EDM starter crack. Similar observation has been made in the strain distribution fields at different peak loads for pre-fatigue cracked and EDM pre-cracked PC specimens in Figure  8 and Figure 9 . The ratio of the red contour size, associated with 5% or higher strain values, in the pre-fatigue cracked specimen, r 5%-PF , to the EDM pre-cracked specimen, r 5%-EDM , has been calculated using the DIC measurements on the AR and PC materials and the results are summarised in Table 4 . This ratio has been calculated for the peak loads of between 6 and 17 where strain values of 5% or larger where observed in all specimens. As seen in this table, for both the AR and PC materials the r 5%-PF / r 5%-EDM ratio generally shows a decreasing trend as the LLD increases in the fracture toughness tests. It is worth noting that this ratio has been found to be above unity at all time (including towards the end of the tests) implying that the local strains and subsequently the size of the large strain fields ahead of the crack tip are always higher in the pre-fatigue cracked specimens compared to those with an EDM starter crack. This explains why J 0.2/BL value in the pre-fatigue cracked PC specimen is lower than the EDM pre-cracked specimen.
Fracture Toughness Results from GCD Specimen
The R-curve data obtained from the fracture toughness test on the side grooved GCD specimen (JIC-GCD-SG) have been analysed following the instructions given in Section 3 and the results are shown in Figure 10 and summarised in Table 3 . Room temperature tensile properties of the GCD material, taken from [13] and summarised in Table 1 , were employed in the fracture toughness data analysis. Note that no DIC measurement was conducted on this specimen due to the lack of plain surface at the outer surface of the sample. As mentioned earlier the GCD specimen was subjected to prior plastic pre-strain before introduction of creep pre-strain, hence contained inelastic deformation. Comparison of the fracture toughness tests results for the PC and GCD materials given in Table 3 shows that for the side grooved GCD material (JIC-GCD-SG) the fracture toughness parameter J 0.2/BL is lower than those of obtained from plain sided PC specimens. This implies that inelastic deformation, in the form of combined plastic and creep pre-straining, decreases the fracture toughness of the material.
Discussion
The fracture toughness tests on AR and PC materials in the current study were performed on plain sided specimens to facilitate DIC measurements. In order to examine the influence of specimen side grooves on the fracture toughness of the AR and PC specimens, the R-curves from the tests conducted on plain sided specimens have been compared with those of available on the side grooved AR and PC specimens in [3] and the results are shown in Figure 11 and Figure 12 , receptively. Note that in these two figures the data points corresponding to plain sided and side grooved specimens are shown in open and solid symbols, respectively. It can be seen in Figure 11 and Figure 12 that for a given value of crack extension, the corresponding value of J fracture mechanics parameter is significantly lower in the side grooved AR and PC specimens compared to the plain sided samples. This implies that there is less energy required to initiate the crack when the specimen is side grooved. Comparison of the fracture toughness values in the pre-fatigue cracked plain sided PC specimen (see JIC-PC-PF in Table 3 ) with those of reported for the side grooved and prefatigue cracked PC specimens (JIC-PC-SG1 and JIC-PC-SG2) in [3] reveals that introducing side grooves in a PC specimen reduces the J 0.2/BL fracture toughness value from 0.28 to 0.21 MPam. This means that the generated R-curves and subsequently the quantified value of J 0.2/BL fracture toughness parameter are sensitive to the specimen side grooves.
In order to further investigate the influence of inelastic pre-straining on the fracture behaviour of 316H SS, the R-curve from the fracture toughness test performed on the GCD specimen has been compared with those of obtained from side grooved C(T) specimens made of AR and PC materials [3] and the results are shown in Figure 13 . Also included in this figure are the R-curves from fracture toughness tests on interrupted CCG specimens which were made of PC material, denoted JIC-LCD1 and JIC-LCD2, taken from [3] . In these two specimens the creep damage was confined to a small region ahead of the crack tip, by interrupting CCG tests, as opposed to the GCD specimen in which creep strain was globallyuniformly introduced into the material. Note that in both LCD and GCD specimens the material was previously pre-compressed to 8% plastic strain at room temperature. Comparing the R-curves obtained from the side grooved C(T) specimens made of different material states in Figure 13 it can be seen that for a given value of crack extension, the order of variation in fracture mechanics parameter J from small to large is LCD, GCD, PC and AR material. The difference between the R-curves for the GCD, PC and AR materials is more pronounced at larger values of crack extension (i.e. ∆a > 0.6), though at smaller values of ∆a, the resistance curves fall close to each other. It can be seen in Table 3 Figure 13 for larger values of ∆a.
As explained in [3] , the small values of fracture toughness in LCD specimens may be associated with crack discontinuities which occur along the main crack path as a result of intergranular creep crack growth process. This may explain why the LCD material state has been found to have more severe impact on fracture toughness reduction of the material compared to the GCD condition. Furthermore, the R-curves presented for different material states in Figure 13 indicate that uniform pre-straining in the form of plastic (in compression) or creep (in tension) deformation reduce the fracture toughness of the material. Also seen in this figure is that the fracture toughness value continuously decreases as the inelastic (i.e. combined plastic and creep) pre-straining level increases.
The results and observations presented in the current study are based on experiments. A numerical study will be performed in future work to predict the effects of different extent of inelastic pre-straining on the subsequent fracture toughness behaviour of the material.
Conclusions
The influence of inelastic deformation on fracture toughness behaviour of Type 316H stainless steel has been investigated in this study. Experiments have been performed on specimens made of the as-received (AR), 8% pre-compressed (PC) and globally creep deformed (GCD) material states. The DIC measurements on the outer surface of the notched specimens have shown that under a given applied load the true strain fields ahead of the crack tip in PC material are much smaller than those of observed in the AR material. The results have also shown that for a given value of load line displacement, the crack tip strain fields in the AR material are larger than the PC material at lower load levels. However, when the maximum load is attained in PC specimens, larger crack tip strain fields are observed in the PC material compared to the AR material and crack initiation becomes evident in the Rcurves generated for the PC specimens. The experimental results have shown that the local strains are higher, therefore the fracture toughness J 0.2/BL value is lower, in the pre-fatigue cracked PC specimen compared to the EDM pre-cracked PC sample. The fracture toughness results from plain sided and side grooved AR and PC specimens have shown that the generated R-curves and subsequently the quantified value of J 0.2/BL fracture toughness parameter are sensitive to the specimen side grooves. Comparison of the fracture toughness data obtained from different materials has shown that the order of variation in fracture toughness J 0.2/BL values from small to large is local creep damage (LCD), GCD, PC and AR material state with the local creep damage having a more severe impact on the fracture toughness of the material compared to other pre-conditioning states. Knowing that LCD and GCD specimens were made of PC material, this implies that inelastic deformation, in the form of combined plastic and creep pre-straining, decreases the fracture toughness of the material. 
